The relationships among deoxyribonucleic acid (DNA) uptake, transformation, and autoradiographic labeling were investigated. It is shown that: (i) autoradiography is a good method for measuring the total fraction of competent cells able to incorporate transforming DNA; in our best experiment that fraction was 11.5%.
The relationships among deoxyribonucleic acid (DNA) uptake, transformation, and autoradiographic labeling were investigated. It is shown that: (i) autoradiography is a good method for measuring the total fraction of competent cells able to incorporate transforming DNA; in our best experiment that fraction was 11.5%.
(ii) Computation of the fraction of competent cells in a culture of Bacillus subtilis, by comparing the frequencies of single and double transformants for two unlinked markers, gives values which are somewhat different from those obtained by autoradiography. (iii) On the average, a competent cell of B. subtilis irreversibly takes up from 0.9 x 10-1 to 1.4 x 10-1 ,ug of DNA; this amount represents about 1/55 to 1/35 of the bacterial chromosome weighing 5 x 10-,ug, and corresponds to three to six DNA molecules having a molecular weight of 1.6 x 107.
In a culture of Bacillus subtilis only a fraction of the cells can be made competent for genetic transformation. The estimate of this fraction has been based on: (i) the comparison of single and double transformants for two unlinked markers (14) ; (ii) the frequency of transfectants (1, 16, 21) ; the frequency of labeled cells as determined by autoradiography (11, 22) ; and (iv) the separation, in buoyant density gradients, of competent from noncompetent cells (2, 10, 17) .
We investigated the correlations among DNA uptake, transformation frequency, and autoradiographic labeling; the autoradiographic estimate of the fraction of competent cells was compared with the values calculated by computing the frequencies of single and double transformants for two unlinked markers (9) .
Another interesting question, still open in the transformation system, concerns the number of deoxyribonucleic acid (DNA) molecules that a single competent cell is able to take up. A direct determination of the amount of DNA irreversibly incorporated by a competent cell will be given.
MATERIALS AND METHODS Bacterial strains. The bacterial strains used are listed in Table 1. Media. The media used were: the transformation medium of Spizizen (18) , the minimal medium (MM) of Davis and Mingioli (3) , and the complete medium, Penassay Broth (Difco). DNA preparation. DNA was prepared, with slight modifications, by the method of Marmur (12) . Labeled DNA was prepared from the thymine-requiring strain PB566/1, grown for five to six generations in MM medium containing 10 Mc of 3H-methyl-thymidine (specific activity 10 c/mmole, Radiochemical Centre, Amersham, England) per ml and cold thymidine, giving a final concentration of 1.5 ,g/ml. The specific radioactivity of the DNA ranged from 0.5 X 106 to I X 106 counts per min per ,ug. DNA was determined by the diphenilamine method (5).
Molecular weight of DNA. The molecular weight of DNA was determined by the analytical zone sedimentation technique of Studier (20) , with a Spinco model E ultracentrifuge.
Transformation. Competent cells were prepared by the procedure of Young and Spizizen (23 It placed on an agar surface. Gelatine-coated glass slides ,6' were printed on the agar surface and then air-dried. f u The slides with the attached bacteria were dipped successively in two separate cold 5% trichloroacetic acid solutions and then washed three times in distilled water. The slides were processed for autoradiography by the "stripping film" method (6), using Kodak determined the uptake of DNA of strain SB44, which shows a very low transformability because of the reduced capacity of the bacteria to take up DNA (15) .
Cells of SB44 were processed for competence and treated with 3H-DNA. In the same experiment the transformable strain SB25 was also used. The data in Table 2 show that, besides transformation and DNA uptake, autoradiographic labeling was also strongly reduced in strain SB44. The smaller difference in DNA uptake between the two strains, in the presence of a much higher difference in transformation, could be explained by an aspecific DNA uptake by strain SB44 (15) . The amounts of DNA taken up by the competent cells of strain SB25, as determined by autoradiography and by radioactivity counting, were comparable to those found in the preceding experiment.
Transformation and autoradiography of bacteria at different stages of competence. Goodgal and Herriott (9) (Table 3) , are always lower than the frequencies of labeled cells furthermore, they also confirm that, at the different levels of competence, a good correlation exists between radioactive labeling and the capacity of a cell to be transformed. DISCUSSION The correlations among DNA uptake, transformation, and autoradiographic labeling at different DNA concentrations are well illustrated by the dose-response curves of Fig. 1 . The data on the relationship between the frequency of labeled cells and the frequency of transformed bacteria of B. subtilis confirm the findings reported by Javor and Tomasz (11) while this manuscript was in preparation. It seems interesting to note that, whereas the frequency of labeled bacteria increases with the frequency of transformation from 0.6 to 11.5%, less than a twofold increase of labeling per cell is found even at saturating DNA concentration. In fact, the average number of grains per bacterium goes from 3.5 to 5.6 (Fig. 2) . This would suggest that a competent cell is able to fix only a few molecules of DNA even at saturating DNA concentrations. If the observed number of grains per labeled cell is equal to or higher than three, the probability that a competent cell will not reveal labeling, assuming a Poisson distribution (9) , are lower than the frequency of labeled cells (Table 3) .
Our data, together with the observations of other authors who found an underestimate of the fraction of competent cells in some cases (2, 14) and an overestimate in other cases (7, 10, 11) , suggest that the determination by this method of the fraction of competent cells in a culture of B. subtilis or Pneumococcus is not accurate enough.
T;he frequency of competent cells, determined as a fraction of autoradiographic labeled cells, was 11.5% in our best experiment; this value is comparable to the value (7%) previously found by infection with phage SPP1 DNA (16) .
The autoradiographic studies of the capacity of individual bacteria to incorporate radioactive DNA permit a direct determination of the amount of DNA taken up by a competent cell. From the autoradiographic data of our experiments, it is possible to compute that, on the average, a competent cell irreversibly takes up from 0.9 X 10-1 to 1.4 X 10-1" ,ug of DNA. If we assume that the chromosome of B. subtilis has a weight of 5 X 10-9 ug (4, 8) , the ratio of the frequency of transformants for a single marker to that of competent cells is expected to be in the range 1:55 to 1:35. Under our best conditions for competence and at saturating DNA concentrations (Fig. 1, Tables 2 and 3 ), a value between 1:50 and 1:30 was found, suggesting that the probability of integration of an entered DNA molecule is close to one.
As the DNA used had a molecular weight of 1.6 x 107 and the amount of the DNA taken up by a competent cell was between 0.9 X 10-10 and 1.4 X 10-10 Ag (5.4 X 107 to 8.5 X 107 daltons), we can deduce that, on the average, an amount of DNA corresponding to three to six molecules is incorporated by a competent cell, even at saturating DNA concentrations.
